Abstract We report on X-ray emission properties of the Crab pulsar(PSR B0531+21) using observations by Insight-HXMT during its first year after launch. We obtained high signal-to-noise profiles in the X-ray energy band 11-250 keV. We have confirmed an increase in the flux ratio of the second peak over the main peak with increasing energy, consistent with other missions. The separation of the two peaks shows no significant trend with increasing energy. The phase-averaged spectrum, fitted by a logpar model, and the phase-resolved spectra of the Crab pulsar, fitted by a powerlaw in the different energy bands of HXMT, are consistent with RXTE and NuSTAR in that photon indices evolve as a function of phase as well as a function of energy contributing to a broadband modeling.
INTRODUCTION
The Crab pulsar(PSR B0531+21), a central energetic engine for the Crab Nebula, is a young archetypical isolated rotation-powered pulsar with rotational energyĖ ≈ 5 × 10 38 erg s −1 which has been studied sell in almost the entire electromagnetic spectrum. Because of its relatively stable evolution in period(P = 33.6 ms) with its derivativeṖ ≈ 4.2 × 10 −13 s s −1 and brightness, it has been widely used as a calibration source for astronomical missions. In the X-ray energy band, missions including BeppoSAX, RXTE, Chandra, INTEGRAL, and NuSTAR have provided broadband observations of the Crab pulsar and nebula (Massaro et al. 2000; Rots et al. 2004; Weisskopf et al. 2004; Mineo et al. 2006; Madsen et al. 2015) , the results of which suggested a power-law shaped phase-averaged spectrum for the nebula together with the Crab pulsar. The photon index of the Crab pulsar in the soft X-ray band fitted by a power-law model was 2.022 (Kuiper et al. 2001) . The Crab Nebula + pulsar in the 1-100 keV range was fitted by a power-law model with photon index of 2.1(RXTE, BeppoSAX, INTEGRAL/JEM X) (Kirsch et al. 2005) , while NuSTAR results covering 3-79 keV agreed on a photon index = 2.1 within circles of radius 200 ′′ (Madsen et al. 2015) . Above 100 keV, hard X-ray results of INTEGRAL suggested a softer index of Γ ∼ 2.20-2.25. It is a calibration source for Insight-HXMT as well, so results on the Crab pulsar indicate the performance of the instruments.
Multiple models were employed to interpret the observations during the last 50 years(see recent reviews on pulsars, e.g., Harding (2017) ; Venter et al. (2018) ). The polar cap model suggests that the γ-ray emission originates from curvature radiation of electrons accelerated at the polar caps moving along the magnetic field lines. Cheng et al. (1986) points out that particles could be produced and accelerated by gaps which are located between the null charge surface and light cylinder. Those particles emitting curvature radiation in γ-rays could be supplied by the photon-photon process using thermal X-rays from the neutron star surface. Since emission models yielded different regions for accelerating particles, phase-resolved spectroscopy is essential for constraining these models and provides comprehensive details about different regions of a pulsar as it rotates.
In this paper, we present the Insight-HXMT data and conduct timing and phase-resolved spectral analysis. X-ray properties of the Crab pulsar in the Insight-HXMT energy band are introduced. The data reduction is described in Section 2. The data analysis applied to timing and spectral properties is presented in section 3. In section 4, we provide the results on timing and spectral analysis including the properties of pulse profiles and spectra. In Section 5, the main conclusions are discussed.
OBSERVATIONS AND DATA REDUCTION
The Hard X-ray Modulation Telescope(HXMT), dubbed Insight-HXMT, was launched on 2017 June 15. There are three slat-collimated instruments (Zhang et al. 2014) , the High Energy X-ray telescope(HE, 20-250 keV, 5100 cm 2 ) , the Medium Energy X-ray telescope(ME, 5-30 keV, 952 cm 2 ) and the Low Energy X-ray telescope(LE, 1-15 keV, 384 cm 2 ) enabling research on broadband X-ray spectroscopy. We employed the HE and ME instruments to investigate the timing properties of the Crab pulsar because of their relatively good time resolution(∼2 µs for HE, ∼20 µs for ME). The energy range selected for ME and HE is 11-27 keV and 27-250 keV respectively. There are three types of field of view (FoV):
• (full-width at half-maximum(FWHM), also called the small FoV),6
• × 6
• (the large FoV), and the blind FoV. We selected the photons observed by small FoV detectors for ME because the large FoV was easily contaminated by a nearby source and the bright Earth. (Chen et al. 2018; Huang et al. 2018) Observations of the Crab pulsar were started on2017 August 27. The data in time range MJD 57992-58209 were employed in this work. The exposure times for each observation ID are listed in Table 1 . The pointed observation mode was selected for the following analysis. The data reduction process was conducted via HXMTsoft(v2.0) 2 as follows. For the HE instrument, photons recorded by the NaI detector on NaI/CsI Phoswich modules with a pulse width between 54 and 70 were selected. We identified good time intervals for HE by applying theses criteria: (1) ELV (the elevation of point source above the horizon) larger than 6
• , (2) COR (the geometric cutoff rigidity) larger than 8, (3) AN G DIST (offset angle from the pointing direction to coordinate of the Crab pulsar) smaller than 0.1
• , and (4) time before and after South Atlantic Anomaly(SAA) region, T SAA and T N SAA bigger than 100 s. The criteria for good time intervals applied to ME are ELV >6
• , COR>10, AN G DIST <0.1
• , T SAA>100 s, and T N SAA>100 s. The good time intervals for the two instruments are slightly different from each other due to different field of FOVs, on which the background signals have distinct effects, despite that sources were originally observed simultaneously by different instruments. The time of arrival(ToA) for photons detected by the two instruments was converted to ToA to Solar System Barycenter using ephemeris DE405 by HXMTsoft hxbary.
To revmove the background signal from data prepared in the previously described way, a timing analysis strategy was employed in which we selected photons in a specific phase range during each pulsar period as background photons.
DATA ANALYSIS

timing analysis
We processed the timing analysis as follows. First we calculated the periodic phase for each photon at the barycenter of the Solar System using parameters in the ephemeris derived from HXMT observation. The phase of each photon is calculated by
where t 0 is the reference time, ν is the periodic frequency, and ν 1 ν 2 are derivative and second derivative of frequency for reference time, respectively. We normalized the value of phases using the decimal part of each phase. We searched the frequency ν of the Crab pulsar every 10 hours after observations started by using the Pearson χ 2 test, and fitted the frequency with a polynomial function, where frequency evolves as ∆ν = ν 1 (t
The parameters ν, ν 1 , ν 2 , ν 3 and ν 4 describing the spin could be obtained. Theses parameters are listed in Table 2 , in which the epoch is the time range of spinning parameters that fits the profile. Due to the evolution of these parameters, the spinning parameters describe the Crab pulsar's spinning behavior within the time range of an epoch.
Since we obtained the profiles every 10 hours, we calculated the timing residuals of ToAs. ToA of a profile is defined as t 0 + φ peak * P , where t 0 is the reference time, φ peak is the phase of the main peak(MP) and P is the period. Timing residuals are the differences between the calculated ToA of the MP and the observed ToA of the MP in each profile. The root mean square(rms) values of timing residuals are presented in Table 2 . In order to analyze the evolution of profiles in energy, the light curve profiles for all observations in different energy bands were generated using phases we obtained. We selected eight energy bands based on the statistical significance of each profile. They are 11-15 keV, 15-20 keV, 20-25 keV, 25-30 keV, 30-35 keV, 35-50,keV, 50-100,keV and 100-250,keV. The MPs of profiles from different energy bands were aligned together by calculating the cross-correlation function. We set the phase of the MP maximum as phase 0. The off-pulse phases, 0.6-0.8, which refer to phases of emission from the Crab Nebula and the surface of the pulsar, were chosen as background phases, an approach which has been applied in previous results for X-ray observations by RXTE-PCA(2 − −60 keV) (Ge et al. 2012; Yan et al. 2018 ). Profiles were normalized as values of MP being 1, and the average values of off-pulse phases being 0.
To obtain precise values between the phase separation(Φ) of two peaks, and FWHMs of thesepeaks(W 1 ,W 2 ), we fitted the MPs and the secondary peaks (SPs) of profiles separately with an empirical formula (Nelson et al. 1970 ) where the L(φ) is the normalized counts of the profile at phase φ. Parameters c 1 ,c 2 ,c 3 ,c 4 , and c 5 are the shape coefficients affecting the shape of the peak. Parameter φ 0 shifts the profiles. N is the pulse height of the profile, and l is the baseline of the profile. Eq.2 was only applied to fitting peaks rather than whole profiles, thus only part of profiles, phases -0.04 to 0.03 and phases 0.33 to 0.42 are selected as MP and SP for fitting respectively. Then, the separation between the two peaks could be calculated by the fitted profiles, and the uncertainty is given by the variance of parameter φ which shifts the profiles in phase.
spectral analysis
To analyze the spectral properties of the Crab pulsar, all spectra were fitted using XSPEC (Version 12.10.0c) (Arnaud 1996) with errors given at the 1.64σ (90%) confidence level. We present the phaseaveraged spectrum in energy range 11-250 keV with a log parabola model(logpar, Eq.3), which contributed to a linear dependence of the spectral slope upon the logarithm of the photon energy E
For the parameters of logpar models with an interstellar absorption model, we froze the N H at 0.36 (10 22 atoms cm −2 ), while α, β and the normalization value were set as free parameters to fit. The background spectrum was extracted between phases 0.6 and 0.8. Since the background phases were 1/5 of all the phases, the exposure time of the background spectrum was 1/5 of the total exposure time. For ME, all observed data of all small FoV detectors contributed to one spectrum. For HE, spectra were constructed by the individual detector, since each detector has its own response file. We fitted those spectra with the same model parameters, but different constant coefficients.
The phase-resolved spectrum of the Crab pulsar was generated. We divided the phase of 11-250 keV into 100 bins. The spectra of photons in each bin were fitted by a simple powerlaw with the interstellar Pulse profiles for different energy bands covering HE and ME. The location of the maximum of MP is aligned as phase 0. The off-pulse region(phase 0.6-0.8) is selected as background. The count rate of profiles is normalized by subtracting the mean count rate of the off-pulse region and dividing by the difference of between the maximum count rate of MP and the mean count rate of background, absorption models wabs, where N H was frozen at 0.36 to fit. The background of each spectrum was the spectra of photons with the phase between 0.6 and 0.8, with the exposure normalized by the proportion of resolved phase bins to background phase bins.
RESULTS
pulse profile
For profiles with energy lower than 100 keV, the fluxes of MPs are larger than thoses of SPs, while the fluxes of SPs are larger than those of MPs in the energy range 100-250 keV. Figure. 2 depicts a dramatic change in the different components with energy. We analyzed the evolution of the peak flux ratio(R f ) of SP over MP, the separation(Φ) of two peaks in phase, and FWHM(W 1 , W 2 ) for MP and SP.
The results are displayed in Figure. 3. In panel (a), the flux ratio of the SP over the MP increases with increasing energy. The value of R f is in a range of 0.57 to 1.04 from energy 11 keV to 250 keV. In this paper, R f is larger than 1 when the energy is higher than 100 keV.
In panel (b), there is not a significant trend of Φ with increasing energy. The errors of Φ were calculated by the Monte Carlo method. One-hundred simulated profiles were created by sampling from the original profile under the assumption that the photon counts in every phase bin follow a Poisson distribution. Then we found the position of maximum for each peak and calculated the separation Φ.
Since 100 separations were obtained, errors were regarded as the 1σ width of the Gaussian distribution. As suggested by previous work (Ge et al. 2012) , a decreasing trend is expected. However, the variations of Φ in our results are about 1/1000 of the phase of one period, while the statistical errors of Φ are also at a level of 1/1000 of the phase of one period. Although the last point above 100 keV drops by 0.001, the trend is not significant enough to give a conclusion.
W 1 and W 2 could be calculated by fitting profiles as well. In panels (c) and (d), W 1 and W 2 in the energy range 11 keV to 250 keV are plotted. The statistical errors of W 1 and W 2 are given by the uncertainties in phases that propagated from the uncertainties in the parameter φ 0 . In the energy range 11 keV to 250 keV, both W 1 and W 2 have an increasing trend with increasing energy. 
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Phase-averaged Spectrum
A phase-averaged spectrum of the Crab pulsar in energy band 11 keV to 250 keV could be fitted with a log-parabola model. The best fitting results were an absorption models with N H = 0.36 × 10 22 cm −2 , and a log-parabola model with α = 1.515 and β = 0.138, as shown in Figure. 
Phase-resolved Spectrum
Since the profiles of the Crab pulsar were obtained, we divided the phase into 100 sections for HE and ME data. A powerlaw model was employed to fit the spectra with an energy range 11 keV-250 keV.
The phase-resolved spectra in energy range 11 keV to 250 keV were fitted for comparison with results of other missions. Detailed fitting results are listed in Table 3 . The reduced χ 2 of all spectra are between 0.94 -1.24. Those spectra near the background phases(0.6-0.8) are relatively poorly fitted with large error bars ascribed to low statistical significance. As dipicted in Figure. 5, the photon indices increase from the edge of the background phase to the maximum position of the MP(phase -0.2 to phase 0). From the tail of the MP to the bridge region, the photon indices gradually decrease.
From the maximum position of the SP to the edge of the background phase(phase 0.4 to phase 0.6), the photon indices increased more steeply.
CONCLUSIONS
The results of timing and phase-resolved spectroscopy suggested good performance of Insight-HXMT. The microsecond time resolution of Insight-HXMT and good timing residuals of HXMT data yielded light curves and profiles in 11-250 keV for the Crab pulsar. The increasing trend of R f with energy is consistent with what previous work has demonstrated (Kuiper et al. 2001) , in which the flux ratio increases monotonically with increasing energy from around 1 eV to around 1 MeV. Kuiper et al. (2001) focused on the integrated flux of each peak, phase intervals of which are defined by Fierro et al. (1998) . We analyzed the peak flux of MP and SP instead. However, the trends are similar to each other. A significant increase in the ratio of SP over MP above 11 keV was present in the HXMT energy band, which is consistent with previous work (Tompkins et al. 1997; Eikenberry & Fazio 1997) .
Our results suggest a dramatic change in profile with energy. It is also consistent with the previous results (Ge et al. 2012) . There is no significant trend for the separation between two peaks. This implies that the emitting regions from different energy ranges have no significant variance or it is not significant until more observations and data are used. A measurement of FWHM from two peaks was carried out in the energy range 11-250 keV as well. There is an increasing trend of FWHM for the two peaks.
In Figure. 5, we compared the evolution of our photon indices in phase with the results of RXTE (Ge et al. 2012) and NuSTAR (Madsen et al. 2015) . The phase-resolved spectroscopy results of Insight-HXMT confirmed a homogenous trend in different energy bands and an evolution in energy. In the outer gap model or slot gap model, the X-ray photons of the Crab come from synchrotron radiation of secondary pairs. In the phase-resolved spectra, the spectral indices follow a similar trend with the hardest spectra occurring in the bridge region and the softer spectra located in the peak. With broadband observation of Insight-HXMT, the photon indices that evolve as a function of energy were contributing to understanding the pair cascade processes in a pulsar magnetosphere. The broadband X-ray observations share a common property. We expect a more detailed model constraint for this broadband phenomenon. 
